Introduction
Sugi (Cryptomeria japonica D. Don) was introduced to Korea in 1924 and has been widely planted on highly
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By K. S. KANG 1),* , Y. A. EL-KASSABY 2) , M. S. CHUNG 3) , C. S. KIM 1) , Y. J. KANG 4) and B. S. KANG 4) (Received 16 th February 2005) fertile sites across southern Korea. Sugi is valued for its beautiful tree shape and fine wood grain and is also cultivated as an ornamental tree and wind breaks in warm temperate climatic zones.
The breeding program for sugi in Korea started in 1961 with plus tree selection of phenotypically superior trees from local plantations. A total of 93 plus trees were selected and used to establish the first clonal seed orchards. At present, the total area of sugi seed orchard covers 30 ha. The attainment of maximal reproductive phenology synchronization, output equality, minimal inbreeding and pollen contamination are important prerequisites for seed orchards to reach their expected theoretical genetic gain and diversity potentials. Research on seed orchard genetics has proven that, in most cases, these conditions are not fully met (ERIKSSON et al., 1973; EL-KASSABY and ASKEW, 1991; GÖMÖRY et al., 2003) . However, as a system, seed orchards have been proven to be robust and act as a viable, reliable source for the production of genetically improved seed for reforestation programs (EL-KASSABY, 2000) .
Modern seed orchard management is considered as the science, business and art of managing and conserving genetic resources for continuing economic, social and environmental benefit. So, orchard managers should consider not only biological (flowering, diversity, insects etc) but also economical (gain, production, cost etc) aspects. Genetic variation, gene flow and immunology (e.g., pollen allergic symptoms) of sugi have been studied (TAIRA et al., 1997; NAMBA et al., 2001; MORIGUCHI et al., 2004) , but little is known about reproductive output and genetic diversity of seed crops from the seed orchards.
The main purposes of the study are: to determine clonal reproductive output (production of female and male strobili) variation, and to monitor the genetic diversity of seed crops (determined by status number) in a clonal seed orchard of sugi.
Materials and Methods

Seed orchards and data collection
The study was conducted in a sugi clonal seed orchard located in the southernmost part of South Korea, Seogyupo, Jeju Island (33°17'N, 126°38'E and 550 m a.s.l). The seed orchard covered a 7 ha area and was established in 1982 using rooted cuttings that planted in a random design with 5 m x 5 m spacing. At present, the seed orchard is being managed by the Warm-Temperature Forest Research Center of the Korea Forest Research Institute.
The numbers of female and male strobili were counted for 40 clones out of the seed orchard's 93 clones. The number of ramets per clone varied from 1 to 110 (average 30.2/clone). Reproductive output assessment was conducted for five ramets per clones randomly chosen and surveyed over three consecutive years (2002) (2003) (2004) , avoiding ramets growing at the edges of the seed orchard. The numbers of female and male strobili for the sampled ramets were estimated by multiplying the average number of strobili per branch by the total number of strobili bearing branches.
Fertility variation
Female and male fertility variation was estimated following the concept of sibling coefficient developed by KANG and LINDGREN (1999) . The female (ψ f ) and male (ψ m ) fertility variation was estimated by either relative contribution of clones or the coefficient of variation (CV) to strobilus production as follows: -b] where N is the census number, f i and m i are the number of female and male strobili of the i th clones and CV f and CV m are the coefficients of variation in female and male strobilus production among clones, respectively.
Total fertility variation was estimated by the sibling coefficient (Ψ) (KANG and LINDGREN, 1999; KANG and ElKassaby, 2002) as follows:
Total fertility variation means clone fertility variation considering both female and male fertility variation.
Genetic diversity (status number)
Effective number of clones was estimated by the concepts of status number (LINDGREN and MULLIN, 1998) and effective parent number (KANG and LINDGREN, 1999) . Status number was calculated based on the fertility variation of female, male and clone levels, respectively as follows: [3] where N s (f) , N s(m) and N s are the status numbers of female, male and clone, respectively.
Results and Discussion
Strobilus production
Numbers of female and male strobili varied among clones and among years, expressed as sibling coefficient and/or coefficient of variation ( Table 1) . Average female and male strobilus production reached its peak in 2003 where the coefficient of variation (CV) in strobilus production among clones was lower ( Table 1 ). The CV of female strobilus production was lowest in 2003 while that of male strobilus production was lowest in 2004 ( Table 1) . On average (pooled), each ramet produced 196 and 652 female and male strobili, respectively (Table 1) . The correlation coefficient between female and male strobilus production was positive over the studied three years and was statistically significant in 2003 (P < 0.01), a good flowering year and in 2004 (P < 0.05), a moderate flowering year (Table 1 ).
Clonal differences in strobilus production indicated that a few prolific clones could contribute a large propor- Kang et.al.·Silvae Genetica (2005) tion of the seed, particularly to seedlots harvested during the poor seed years (see also Fig. 1) (YING et al., 1985; NIKKANEN and RUOSALAINEN, 2000) . Variation in reproductive output and phenology as well as rate of pollen contamination, all act individually or in concert in accumulating genetic relatedness and subsequently raising inbreeding level in the progeny and consequently affect the genetic property of the seed (GÖMÖRY et al., 2003; MORIGUCHI et al., 2004) . Pollen contamination level of 48 % and clonal selfing rate of 2 % were reported in a clonal seed orchard of sugi by MORIGUCHI et al. (2004) , supporting the notion that high pollen contamination could drastically reduce the quality of the seed crops.
The reliance on the count of strobilus production alone is not informative in demonstrating the degree of distortion in gametic contribution among clones (MATZIRIS, 1993; BURCZYK and CHALUPKA, 1997) , especially when mating dynamics is considered in determining clonal effective size in the resultant seed crops. Additionally, it should be noted that reproductive phenology asynchrony, pollen viability and compatibility, and clone size (i.e., the number of ramets/clone) all affect clonal gametic contribution (EL-KASSABY and ASKEW, 1991; XIE and KNOWLES, 1994; NIKKANEN, 2001) .
Fertility variation and status number
Fertility variation (i.e., sibling coefficient) varied among years and between genders within years where female fertility variation (ψ f ) was higher than male fertility variation (ψ m ) ( Table 2 ). Overall clone fertility variation (Ψ) within the studied seed orchard was slightly lower comparing to that found in other seed orchards (see fertility variation review; KANG et al., 2003) . KANG et al. (2003) reported the sibling coefficient value of 2 in good or moderate flowering years of mature seed orchards, which is equal to CV = 100 %. In the present study, clone fertility variation for the pooled data (average) was lower than that observed for any single year ( Table 2 ), implying that the genetic diversity of seed crops could increase if seeds collected from different years are pooled.
The sibling coefficient (Ψ) expresses how fertility varies among clones as the coefficient value (i.e., Ψ >1) means the increase of the probability that sibs occur compared to the ideal situation where clones have equal fertility (KANG and LINDGREN, 1999) . When Ψ is equal to one, all clones have equal fertility, and thus theoretically, the sibling coefficient cannot be smaller than one. It should be noted that the sibling coefficient represents the same information as the coefficient of variation (see the formulae [1-a] and [1-b]); however, Ψ is mainly based on a probabilistic aspect while CV is based on a variance aspect.
Close observation of clonal reproductive output indicated the presence of consistently high or low fertility clones during the studied period (2002) (2003) (2004) . This was reported previously in several seed orchards (ERIKSSON et al., 1973; EL-KASSABY et al., 1989; GÖMÖRY et al., 2003) as well as natural populations (LINHART et al., 1979; XIE and KNOWLES, 1994) . Consistently high or low fertility clones require special consideration during seed orchard rouging. In general, the main selection criterion Table 1 . -Average strobilus production, coefficient of variation (CV), and correlation coefficient (r) between female and male strobilus production in a clonal seed orchard of Cryptomeria japonica for the three consecutive years.
1 : the number of strobili per ramet. ** and * : statistically significant at the 0.01 and 0.05 probability level (df = 38). in genetic thinning schemes is clonal genetic value (or breeding value) of orchard clone (EL-KASSABY and BARCLAY, 1992) . However, clonal fertility propensity should be considered, especially when information on clonal genetic value is not available as in the studied seed orchard.
Yearly changes in female status number [N s(f) ] mirrored that of seed production, while male status number [N s(m) ] steadily increased over the observation years (Fig. 1) . In general, fertility variation tends to be small in good seed production years (REYNOLDS and EL-KASSA- BY, 1990; MATZIRIS, 1993; BURCZYK and CHALUPKA, 1997; NIKKANEN and RUOSALAINEN, 2000) . In 2003, the production of female strobili was highest and as expected the fertility variation was lowest ( Table 1 ). The status number of male parent showed steady increase over time and it was highest even during the moderate male strobili production in 2004 yielding clonal status number of 31.7 which was higher than that of 30.3 in 2003, the year with the highest male strobili production.
Small effective number causes the accumulation of group coancestry in the following generation (COCKER-HAM, 1967) which in turn causes the loss of genetic diversity that is proportional to the accumulation rate. The same concept applies to orchard seeds and consequently loss of gene diversity is expected due to the accumulation of relatedness or fertility variation. Reduction in genetic diversity in seed crops will affect the level of diversity in seedlings and subsequently of the plantations. In conclusion, the utility of sibling coefficient (Ψ) and status effective number (N s ) as tools for seed orchard management have been demonstrated and we recommend their use to gauge genetic diversity of seed crop in seed orchards.
